During the early events of pre-mRNA splicing, intronic cis-acting sequences are recognized and interact through a network of RNA-RNA, RNA-protein, and protein-protein contacts. Recently, we identified a branchpoint sequence binding protein in yeast (BBP). The mammalian ortholog (mBBP/SF1) also binds specifically to branchpoint sequences and interacts with the well studied mammalian splicing factor U2AF65, which binds to the adjacent polypyrimidine (PY) tract. In this paper we demonstrate that the mBBP/ SF1-U2AF65 interaction promotes cooperative binding to a branchpoint sequence-polypyrimidine tract-containing RNA, and we suggest that this cooperative RNA binding contributes to initial recognition of the branchpoint sequence (BPS) during pre-mRNA splicing. We also demonstrate the essential nature of the third RBD of U2AF65 for the interaction between the two proteins, both in the presence and absence of RNA. Pre-mRNA splicing is performed by the spliceosome, a large complex consisting of several small nuclear ribonucleoproteins and many non-snRNP proteins. Spliceosome assembly proceeds through several intermediate complexes, beginning with the E complex, or commitment complex, proceeding to A, B, and, finally, to the C complex, within which chemistry (phosphodiester bond cleavage and formation) takes place. Mammalian splicing substrates contain an intronic 5Ј splice site, branchpoint sequence (BPS), polypyrimidine (PY) tract, and 3Ј splice site. The 2Ј-OH of the branchpoint adenosine within the BPS is the nucleophile for attack of the 5Ј splice site, which forms a lariat intermediate and a free 5Ј exon; in the second step, the 3Ј OH of the liberated 5Ј exon attacks the 3Ј splice site, resulting in the mRNA and lariat intron products (for review, see Moore et al. 1993; Madhani and Guthrie 1994; Kramer 1996) .
Pre-mRNA splicing is performed by the spliceosome, a large complex consisting of several small nuclear ribonucleoproteins and many non-snRNP proteins. Spliceosome assembly proceeds through several intermediate complexes, beginning with the E complex, or commitment complex, proceeding to A, B, and, finally, to the C complex, within which chemistry (phosphodiester bond cleavage and formation) takes place. Mammalian splicing substrates contain an intronic 5Ј splice site, branchpoint sequence (BPS), polypyrimidine (PY) tract, and 3Ј splice site. The 2Ј-OH of the branchpoint adenosine within the BPS is the nucleophile for attack of the 5Ј splice site, which forms a lariat intermediate and a free 5Ј exon; in the second step, the 3Ј OH of the liberated 5Ј exon attacks the 3Ј splice site, resulting in the mRNA and lariat intron products (for review, see Moore et al. 1993; Madhani and Guthrie 1994; Kramer 1996) .
During the initial steps of in vitro splicing, the 5Ј and 3Ј ends of introns are recognized by the U1 snRNP and other splicing factors, respectively. This corresponds to formation of the commitment complex in yeast and the E complex in mammals (Moore et al. 1993 ). There are modest sequence requirement differences between the two systems, especially on the 3Ј side of the intron (BPS, PY tract, 3Ј splice site). In yeast, the BPS is the almost invariant UACUAAC (Rymond and Rosbash 1992) , whereas in mammals, the BPS is degenerate with a consensus sequence of YNCURAY (Keller and Noon 1984; Green 1986 ). In mammals, a PY tract is highly conserved and an essential 3Ј side element (Reed and Maniatis 1985; Ruskin and Green 1985) . This is much less conserved and important in yeast introns, although a uridine tract will modestly enhance yeast splicing (Patterson and Guthrie 1991) . The splicing components involved in E complex or commitment complex formation include: (1) U1 snRNP base pairing to the 5Ј splice site in both systems (Mount et al. 1983; Zhuang and Weiner 1986; Sé raphin et al. 1988; Siliciano and Guthrie 1988) ; (2) U2AF65 binding the PY tract (mammalian) and Mud2p, which cross-links to the 3Ј side of yeast introns (Zamore et al. 1992; Abovich et al. 1994 ; data not shown); (3) SR proteins, which promote U1 snRNP and U2AF65 binding in E complex formation in mammals (Kohtz et al. 1994; Staknis and Reed 1994) ; (4) the recently identified yeast and mammalian branchpoint sequence binding proteins (BBP and mBBP/SF1, respectively), which recognize the BPS Berglund et al. 1997) . mBBP is also known as splicing factor one (SF1), which was initially identified as an essential factor for A complex formation (Kramer 1992; Arning et al. 1996) . In both yeast and mammals, a network of interactions between U1 snRNP at the 5Ј side and proteins at the 3Ј side bridges the two ends of the intron and facilitate intron definition and removal (Reed 1996; Abovich and Rosbash 1997) .
The organization of mammalian intron 3Ј side sequence elements (from 5Ј to 3Ј) is BPS-PY tract-3Ј splice site (AG), and the distance from the branchpoint adenosine to the 3Ј splice site is normally between 20 and 40 nucleotides (Reed 1989; Smith and Nadal-Ginard 1989) . Thus, the BPS and PY tract are usually adjacent. Because we had shown previously that U2AF65 and mBBP can interact , we suspected that this might contribute to intron recognition. A cooperative binding interaction would facilitate BPS selection despite low sequence information content within the degenerate mammalian BPS. Although a similar cooperative interaction may occur between BBP and Mud2p in yeast, this is more difficult to test; the RNA binding properties of Mud2p are not known, and recombinant Mud2p is not available.
For the mammalian proteins, the binding affinity of U2AF65 for the PY tract has been determined, and all three RNA-binding domains (RBDs) affect the strength of the interaction between U2AF65 and the PY tract (Zamore et al. 1992) . U2AF65 also has an amino-terminal RS domain, rich in arginines and serines. RS domains are generally involved in protein-protein interactions within the spliceosome, mediated in part through serine phosphorylation (Fu 1995) . However, the RS domain of U2AF65 is unusual, as it interacts with RNA and may not mediate protein-protein interactions: U2AF65-RS has been cross-linked to the BPS and facilitates the annealing of the snRNA in U2 to the BPS in biochemical experiments (Valcá rcel et al. 1996) .
We have shown more recently that the other mammalian 3Ј side factor, mBBP, specifically recognizes the yeast BPS (UACUAAC), which is also the preferred BPS in mammals (Zhuang et al. 1989) . The putative RNA binding region of mBBP contains a KH and a Zn knuckle domain and is sufficient for specific RNA binding (Berglund et al. 1997) . Although mBBP recognizes the BPS, its affinity and specificity are less impressive than those of its yeast ortholog BBP, which recognizes all seven positions within the yeast BPS. In contrast, mBBP binding is only affected by point mutations at the branchpoint adenosine and the conserved uridine two nucleotides upstream; these are the two most conserved nucleotides in the mammalian branchpoint consensus sequence, YN-CURAY (Keller and Noon 1984) . This poorly conserved, short sequence is probably insufficient to specify a mBB-P-BPS interaction. We speculated that if U2AF65 were bound to the PY tract, protein-protein contacts with mBBP would facilitate recognition of the BPS (Berglund et al. 1997) .
Here, we use recombinant mBBP and U2AF65 to demonstrate a cooperative interaction during binding to a Purified mBBP, U2AF65, or both proteins together were incubated with 5Ј-end labeled RNA substrate in the presence of either RNase T1 (lanes 2-5) or RNase T2 (lanes 6-9), and then run in a denaturing polyacrylamide gel as described in Materials and methods. (Lanes 4, 8) The concentration of mBBP used was 11 µM; (lanes 3,7) concentration of U2AF65 was 2.8 µM; (lanes 5,9) mBBP was at a concentration of 5.5 µM and U2AF65 at 1.4 µM. The PY tract and BPS are marked by brackets, and the position of the branchpoint adenosine is marked by an arrow. (B) Sequence of the 34-nucleotide RNA substrate derived from the Adenovirus major late pre-mRNA substrate. The BPS is in bold and boxed, and the branchpoint adenosine is in large text. The PY tract is in bold and underlined. Arrows represent guanosines cleaved by RNase T1 (lane 2).
RNA substrate containing a BPS and PY tract. The formation of this ternary complex (mBBP, U2AF65, and RNA substrate) appears to be aided by the presence of the branchpoint adenosine within the BPS as well as by a contiguous PY tract. We also demonstrate the importance of the third RBD of U2AF65, for the physical interaction between U2AF65 and mBBP both in the presence and absence of RNA. The results suggest that cooperative RNA binding by these two proteins constitutes initial recognition of the BPS region and may even contribute to branchpoint selection.
Results

Cooperative interaction between mBBP and U2AF65
The nucleotides important for specific recognition by mBBP and U2AF65 have been identified within their respective RNA elements (Zamore et al. 1992; Singh et al. 1995; Berglund et al. 1997) . However, footprinting of U2AF65 to RNA has only been assayed with CMCT, which does not examine protection of adenosine, cytosine, or guanosine (Singh et al. 1995) . Additional experiments might determine whether either protein interacts with RNA on either side of its recognition site. This might influence cooperative binding by the two proteins. To this end, footprinting experiments were performed with purified full-length recombinant U2AF65, mBBP containing amino acids 1-361 (Fig. 1) , and a 34-nucleotide RNA substrate derived from the 3Ј side of adenovirus major late pre-mRNA. In this commonly employed pre-mRNA substrate, the BPS and PY tracts are separated by only four nucleotides (Fig. 2B) . If either protein extends past its specific site, this might influence the interaction between the two proteins.
U2AF65 protects the PY tract but not the BPS (Fig. 2A , lane 7), and mBBP protects only the BPS and not the PY tract ( Fig. 2A, lane 8) . The two proteins, therefore, sit side-by-side, with no more than a 1-or 2-nucleotide space in between. The protection pattern for mBBP is reminiscent of that observed for the yeast ortholog (BBP); both proteins protect the 7 nucleotides of the BPS and only 2 nucleotides on either side (Berglund et al. 1997) . With U2AF65 as well as mBBP, the protection spans both the BPS and PY tract ( Fig. 2A, lane 9) . In this case, the protection of the PY tract is weaker (lane 9), probably the result of a low level of contaminating RNases in the mBBP preparation. Evidence supporting this interpretation is in lane 4: RNase T1 should have only guanosine cleavages, but addition of mBBP induces some cleavage of the PY tract.
RNase T1 was assayed primarily for mapping purposes, because the 34 nucleotide RNA contains only five guanosines, two of which are in the BPS (Fig. 2B) . The four visible guanosines are all partially protected by U2AF65, possibly because of steric effects on RNase T1 activity or to additional U2AF65 molecules that bind nonspecifically to the BPS (Fig. 2B, lane 3) . mBBP also protects the four guanosines; protection of three is similar to U2AF65, but mBBP completely protects the guanosine next to the branchpoint adenosine ( Fig. 2A , lanes 4,5). This suggests that the complete protection of this one guanosine is the result of a strong mBBP interaction at this position, and the partial protection of the other guanosines is caused by weaker interactions or to steric inhibition of RNase T1. The complete protection of this particular guanosine recalls the fact that the branchpoint adenosine and adjacent uridine, the nucleotides to either side of this guanosine, have the strongest effect on mBBP binding (Berglund et al. 1997) .
To verify the mBBP footprinting and the sequence-specific interactions of mBBP at the BPS, we used a competition assay involving a 12-nucleotide RNA that basepairs to the BPS as well as to a few nucleotides upstream and downstream of the BPS. The oligo was designed to encourage a bulged branchpoint adenosine, as has been shown for the U2 snRNP-BPS interaction (Query et al. 1994) . This antisense molecule is, therefore, a simplified mimic of U2 snRNP (Fig. 3B , U2 mimic).
Base-pairing of the U2 mimic to the BPS blocks mBBP binding (Fig. 3A, lanes 4, 5) . Only at a low concentration of U2 mimic is mBBP binding detectable (lane 6). This suggests that mBBP and U2 snRNP binding are mutually exclusive. In contrast, U2 mimic base-pairing has only a modest effect on U2AF65 binding, and slightly decreases the mobility of the complex (Fig. 3A, lanes 9,10) . The data indicate that U2AF65 can form a ternary complex with the 34-mer and U2 mimic (Valcá rcel et al. 1996) . Because mBBP is present in E complex , mBBP probably binds to the BPS and is then replaced by U2 snRNP during or prior to A complex formation.
We used the same RNA substrate ( Fig. 2B ) and purified proteins to establish assays using native polyacrylamide gel electrophoresis. Purified mBBP, U2AF65, or both together were incubated in the presence of radiolabeled RNA, and complexes were then separated on a 6% 0.5× TBE gel (Materials and Methods). The different complexes are easily distinguished ( Fig. 4A ): lane 7, U2AF65-RNA; lane 5, mBBP-RNA; lane 10, mBBP-U2AF 65 -RNA. The K D s are ∼1 µM for U2AF65 and 6 µM for mBBP. For both binary complexes, binding appears weakly cooperative. This is apparent in previous studies with U2AF65 (Zamore et al. 1992; Lee et al. 1993 ) and has been generally more discussed for proteins with multiple RNA binding domains (Birney et al. 1993) .
The ternary complex of U2AF65, mBBP, and RNA is clearly distinguishable from the binary complexes. Co- operativity between U2AF65 and mBBP was defined as the ability of one protein to increase the affinity of the other for RNA. A comparison of lanes 2-6 (mBBP) with lanes 8-12 (mBBP plus U2AF65) indicates cooperative RNA binding by the two proteins. In the presence of U2AF65, mBBP forms a complex at 0.57 µM (lane 9) but fails to bind at this same concentration without U2AF65 (lane 3). Quantification reveals a 20-fold increase in mBBP's RNA affinity by U2AF65 (Fig. 4B) . The effect is based on the difference in apparent K d s (Materials and Methods): 6 µM in the presence of RNA alone and 0.3 µM with U2AF65. The same effect was observed at different U2AF65 concentrations (see legend to Fig. 4 ; data not shown), but the presence of multiple complexes at saturating U2AF65 concentrations made identification and interpretation of the various complexes difficult.
The experiment was also performed in the opposite way, namely, mBBP concentration was held constant and U2AF65 concentration was varied. With this protocol, cooperativity was also observed, but the effect was less strong: 5-fold compared with 20-fold (Fig. 4C,D) . On the basis of thermodynamics, cooperativity should be independent of which protein concentration is held constant and which is varied. The difference could be the result of a failure to achieve equilibrium under the experimental conditions used. For all cooperative binding assays, incubations were for 1 hr at room temperature before separation by native gel electrophoresis. In any case, both protocols indicate that mBBP and U2AF65 bind in a cooperative manner to an RNA substrate containing a BPS and PY tract.
The effect of RNA mutations on the cooperative interaction between U2AF65 and mBBP
To determine the contribution of the substrate RNA elements to the cooperative interaction, we assayed mutations within the BPS and PY tract. A mutation changing the branchpoint adenosine to a cytidine was made (indicated by an * above the change); this decreased the mBBP binding affinity and also changed the complex mobility (cf. Figs. 5A, lanes 5 and 6, and 4A). The decreased affinity agrees with our previous work demonstrating that a mutant branchpoint adenosine within the context of a yeast BPS (UACUAAC) decreased mBBP binding (Berglund et al. 1997) . The mobility change could be caused by the binding of multiple mBBP molecules or to mBBP binding to a different region of the RNA substrate. In the presence of U2AF65 (Fig. 5A, lanes 8-12) , mBBP may still bind weakly to the mutant BPS, on the basis of a similar migration of the ternary complex (Fig. 5A, lanes  10-12, indicated by an arrow) to the mobility of the ternary complex with wild-type RNA (Fig. 4A) . The amount of ternary complex is greatly reduced by mutating the branchpoint adenosine. Because of the weak and aberrant binding of mBBP, it is difficult to determine the extent to which cooperative binding to the mutant substrate is reduced. It is clear, however, that U2AF65 is not able to easily recruit mBBP in the absence of a consensus BPS.
To determine the effect of mutations in the PY tract, we changed two central uridines to guanosines [**; (Fig.  6B) ]. In this experiment, mBBP concentration was constant and the concentration of U2AF65 was varied (Fig.  6A ). As expected, the PY tract mutation reduces U2AF65 binding (lanes 2-6) compared with the wild-type RNA substrate (Fig. 4C) . With this substrate, however, U2AF65 binding is still enhanced in the presence of mBBP (Fig. 6A) . This is based on the appearance of the ternary complex at a lower concentration of U2AF65 compared with U2AF65 binding without mBBP (Fig. 6A , cf. lanes 5 and 11). Under these conditions (constant mBBP and variable U2AF65), the cooperative binding interaction to the wild-type RNA is fivefold, and these mutations within the PY tract reduce it (cf. Figs. 4C and 6A). Thus, mutations in both the BPS or PY tract reduce formation of a proper ternary complex.
Domains within U2AF65 and mBBP important for cooperativity
All four domains of U2AF65 have been shown to be involved in RNA interactions (Fig 7A; schematic representation): All three RBDs contribute to binding with a long PY tract, and the RS domain cross-links to the BPS and acts as a chaperone for U2 binding to the BPS (Zamore et al. 1992; Gaur et al. 1995; Valcá rcel et al. 1996) . To determine which domain(s) contribute to the mBBP interaction, we used yeast two-hybrid and GST-precipitation assays. Figure 7A summarizes the yeast two-hybrid results. All clones containing the complete third RBD manifested an interaction with mBBP similar to that observed with full-length U2AF65. Only clone P (Fig. 7A ) is inconsistent with this conclusion. Clone P is a false-positive, because in the absence of mBBP (glucose is added to repress mBBP expression) the same strong activation is seen (data not shown). To confirm the two-hybrid results, we made yeast extracts containing several of the different fusion proteins and used GST-mBBP to precipitate these LexA-U2AF65 chimeric proteins. Full-length U2AF65, clones containing the third RBD and the third RBD alone, interacted with GST-mBBP (Fig. 7B, lanes  10,12,14) . Clone P (lane 16) was not recovered, consistent with the false-positive interpretation. The two-hybrid and precipitation results indicate that the third RBD of U2AF65 is the relevant domain for interaction with mBBP.
U2AF65 missing the third RBD (U2AF65-3) was then expressed, purified ( Fig. 1 ; Materials and Methods) and used in the gel-shift assay to determine the relevance of the third RBD to the cooperative RNA-binding interac- 3-8) the indicated LexA-U2AF65 fusions, and 15 µl was incubated with the GST-mBBP fusion protein bound to glutathione agarose beads as described in Materials and Methods. The bound proteins were eluted in SDS sample buffer and separated in 8% polyacrylamide-SDS gels. After transfer to nitrocellulose the LexA fusion proteins were visualized with anti-LexA antibody. (Left panel) corresponds to 10 µl of the extracts directly loaded on the gel, and (right) proteins after elution from the GST-mBBP beads.
tion of U2AF65 and mBBP. As previously reported (Zamore et al. 1992 ), U2AF65-3 binds to the 34 nucleotide RNA with a similar affinity to that of full-length U2AF65. This presumably reflects the rather short nature of the PY tract of this substrate. In contrast to U2AF65, however, U2AF65-3 cannot promote cooperative binding of mBBP to RNA (Fig. 8) . A ternary complex is still formed (lanes 11,12) but only at concentrations where mBBP alone is also able to bind (cf. lanes 5,6 and 11,12). Therefore, removal of the third RBD of U2AF65 eliminates a detectable physical interaction between U2AF65 and mBBP, both in the absence and presence of RNA.
We had shown previously that the region of mBBP containing the KH domain and Zn knuckle is sufficient for specific binding to the BPS (Berglund et al. 1997) . To determine if this same region is sufficient for the cooperative interaction with U2AF65, we used a protein containing amino acids 135-308 from mBBP, termed mBBP(181), in the cooperativity assay. mBBP(181) binds ∼10-fold weaker to this RNA substrate compared with the mBBP (1-361) used previously, suggesting that the amino-terminal portion of mBBP contributes to RNA binding affinity. Importantly, a ternary complex with U2AF65 is visible, but there is no detectable cooperative interaction between the two proteins (data not shown). Taken together with other data, the result provisionally assigns the relevant interacting region of mBBP to the amino-terminal end of the protein (see Discussion).
Discussion
The footprinting data demonstrate that mBBP and U2AF65 can simultaneously interact with this model RNA substrate in a side-by-side manner (Fig. 2) . On the basis of experiments in splicing extracts , these interactions probably occur during or prior to E complex formation. As this step precedes U2 snRNP addition to the prespliceosome (Michaud and Reed 1991) , mBBP binding probably reflects the initial recognition of the BPS.
Previous results indicated that mBBP, as well as BBP, might interact with the bases of the branchpoint region, and the mutually exclusive binding of mBBP or the U2 mimic (Fig. 3) is consistent with this interpretation. This indicates that U2 snRNP addition and formation of the U2 snRNA-BPS duplex destabilizes mBBP, and there is some indication that this protein may no longer be present in the U2 snRNP-containing A complex (R. Reed, pers. comm.) . In contrast, U2AF65 is an A complex component as well as an E complex component. Consistent with this role, U2AF65 can form a ternary complex with the U2 mimic and the 34 nucleotide RNA substrate (Fig.  3) . Formation of this complex is consistent with the previous suggestion that the U2AF65RS domain contributes to BPS-U2snRNA base-pairing (Valcá rcel et al. 1996) . The third RBD of U2AF65 interacts with the SAP155 component of U2 snRNP as well as with mBBP (O. Gozani, J. Potashkin, and R. Reed, in prep.). Although it is not known that precisely the same subregion interacts with both proteins, it is tempting to speculate that during this subsequent role of U2AF65 in U2 snRNP recruitment a swap of protein-protein interactions also helps displace mBBP from the spliceosome (Fig. 9) . The double footprint (Fig. 2) shows that the two proteins can bind simultaneously to their adjacent sites. Taken together with protein-protein interaction studies , the results suggested that RNA binding might be cooperative, which is the case (Fig. 4) . It is not yet known whether this is the result of a change in off-rate or on-rate, nor is it known for the proposed effect of U2AF65 on U2snRNA-BPS annealing (Valcá rcel et al. 1996) . But even without a proper biophysical explanation, the mBBP-U2AF65 cooperativity suggests features of mammalian BPS selection and more generally sheds light on intron recognition. Cooperative binding increases the specificity of each protein for its respective site and links the BPS and PY tract together as a large recognition site on the 3Ј side of mammalian introns. This notion helps explain how the highly degenerate mammalian BPS is recognized by mBBP: Its binding site is both RNA and protein, the BPS and the adjacent U2AF65. Although the PY binding site of U2AF65 may have more sequence information, mBBP and the BPS Figure 8 . The third RBD of U2AF65 is necessary for the cooperative interaction between mBBP and U2AF65. Under the same conditions as those for the experiment shown in Fig. 4A (Materials and Methods), we looked for a cooperative interaction between mBBP and a U2AF65 protein missing the third RBD (U2AF65-3). The three different complexes are marked by arrows at left and right. may also be viewed as part of the U2AF65 binding site. As mutations in the RNA substrate have demonstrable effects (Figs. 5 and 6), proper RNA-protein interactions also contribute to the wild-type cooperative interaction. The aberrant mobility of the mBBP-branchpoint mutant complex (Fig. 5 ) might indicate mispositioning of the protein on this substrate, or it might reflect a missing RNA-induced conformational change necessary for the cooperative protein-protein interaction.
We observed a substantial decrease in the amount of ternary complex (mBBP, U2AF65, and the RNA substrate) formed in the presence of mutations in either the BPS or PY tract (Figs. 5 and 6 ). Although interpretation of the BPS mutation is less certain, the PY tract mutation has a clear effect on cooperativity. Mutations in either the BPS, PY tract, or the presence of a nonconserved BPS have been shown previously to reduce splicing efficiency (Hartmuth and Barta 1988; Reed and Maniatis 1988; Reed 1989) . Also, formation of the early splicing complex A has been shown to be effected by mutations in either the BPS or PY (Jamison and Garcia-Blanco 1992; Query et al. 1996) . Possibly more relevant is the strong effect of branchpoint mutations, particularly the branchpoint adenosine, on complex formation. These studies used partial RNA substrates missing a 5Ј exon and a 5Ј splice site, or very short substrates similar to the ones used in our studies (Query et al. 1996 (Query et al. , 1997 . Taken together, all of these results suggest that the decreases we observed in ternary complex formation and cooperativity may correlate with decreases in complex formation and splicing efficiency.
In addition to contributing to branchpoint recognition, the mBBP-U2AF65 interaction may also contribute to formation or stabilization of E complex. Additional interactions with mBBP or U2AF65 have been postulated or are easy to imagine during this subsequent step of spliceosome assembly: (1) interactions between mBBP/ U2AF65 and U1 snRNP Fromont-Racine et al. 1997) ; (2) a cooperative interaction between splicing factors that bind enhancers and the mBBP/U2AF65 complex (Reed 1996) ; (3) interactions between U2AF65 and U2AF35 (Zamore and Green 1989) ; (4) interactions between U2AF35 and U1 snRNP (Wu and Maniatis 1993) .
The interaction between mBBP and U2AF65 is reminiscent of previously observed cooperativity between repressor molecules and operator DNA (Johnson et al. 1981; Ptashne 1984 Ptashne , 1992 . The protein-protein interaction between repressor molecules is relatively weak, only 1-2 kcal/mole (Johnson et al. 1979; Ackers et al. 1982) . Assuming the cooperativity observed between U2AF65 and mBBP is relevant to the interaction energy between U2AF65 and mBBP, a 20-fold effect is equal to 1.6 kcal/mol, within the same range as that seen for the repressor. The K D s for RNA binding are greater than those between repressor and DNA, however, indicating that the protein-protein interaction might make a greater relative contribution to the protein-RNA interactions. Alternatively, our in vitro experiments might underestimate the effective affinities of these two proteins for many RNA targets. For example, RNA binding of U2AF65 is improved by lengthening the PY tract (Zamore et al. 1992) . Although nothing similar has been achieved for mBBP, additional protein-protein interactions within the E complex almost certainly make in vivo binding stronger than what is observed in vitro with recombinant proteins. Finally, relatively weak binding of mBBP may be desirable, as it is probably replaced by U2 snRNP during later spliceosomal assembly steps; a strong mBBP-BPS interaction might be rate-limiting and inhibit U2 snRNP addition.
A similar cooperative interaction probably occurs during yeast intron recognition. BBP, the yeast ortholog of mBBP, binds the yeast BPS (Berglund et al. 1997) . Mud2p, the possible yeast ortholog of U2AF65, interacts with BBP . Mud2p cross-links to pre-mRNA and may interact with the weakly conserved yeast PY tracts (Abovich et al. 1994) . The third RBD of U2AF65 is the region of conservation between U2AF65 and Mud2p (Abovich et al. 1994) . This is the region of U2AF65 that interacts with mBBP (Fig. 7) , and it is also the region of Mud2p that interacts with yeast BBP (J.-C. Rain, Z. Rafi, Z. Rhani, P. Legrain, and A. Kramer, in prep.) . Yeast BBP and mBBP also share a region necessary for the interaction with their respective partners, Mud2p and U2AF65. This is the amino-terminal portion of BBP, upstream of the KH domain (J.-C. Rain, Z. Rafi, Z. Rhani, P. Legrain, and A. Kramer, in prep.), which is highly conserved between the two proteins (Arning et al. 1996) . The conservation also suggests that this region contributes in a similar manner in both systems to intron recognition.
In most mammalian introns, the BPS and PY tract are close together (Reed 1989) . It has been suggested that the proximity of the BPS to the PY tract allows U2AF65 to aid in U2 snRNP addition to the BPS (Zamore et al. 1992) , and more recent experiments support this hypothesis (Valcá rcel et al. 1996) . On the basis of the results reported here, we suggest that this proximity is also important for the earlier cooperative interaction between mBBP and U2AF65. The footprinting experiment (Fig. 2) indicates that a 4-nucleotide separation does not inhibit binding to the two sites. But it will be interesting to determine whether longer or shorter spacing affects the cooperative formation of this ternary complex, because separating the BPS and PY tract have been shown to have a deleterious effect on both A complex formation and lariat formation (Reed 1989; O. Gozani and R. Reed, pers. comm.) . A longer PY tract, which has been shown to bind U2AF65 more tightly (Zamore et al. 1992) , might even change U2AF65 conformation and thereby affect its interaction with mBBP.
Materials and methods
Cloning and protein purification
Plasmids for the production of proteins in Escherichia coli were constructed in the pGEX-6p-1 vector (Pharmacia) by standard PCR amplification with oligonucleotides that introduced restriction sites for cloning: pGEX6P-U2AF65 contains the complete coding region of U2AF65 (amino acids 1-476) flanked by BamHI and EcoRI sites; pGEX6P-U2AF65⌬3rd RBD contains amino acids 1-364; pGEX6P-mBBP/SF1 contains amino acids 1-361 of mBBP flanked by BamHI and SalI sites.
All three protein contructs (U2AF65, U2AF65-3, and mBBP) were transformed into BL21 cells (Novagen). Cells were resuspended in 50 mM Tris (pH 7.5), 200 mM NaCl, 1 mM EDTA, and 1 mM DTT. Cells were sonicated, spun at 17,000g for 30 min, and bound to glutathione-Sepharose. Following the protocol from Pharmacia, the protein of interest (U2AF65, etc.) was cleaved from the matrix by use of Precision protease (Pharmacia) and dialyzed overnight against 25 mM Tris (pH 7.5), 25 mM NaCl, 1 mM EDTA and 1 mM DTT. The two U2AF65 proteins were bound to heparin-Sepharose (Pharmacia) and eluted with a salt gradient of 25 mM-1 M NaCl. Peak fractions were collected and concentrated by use of an Amicon ultrafiltration cell and then dialyzed against 25 mM Tris (pH 7.5), 50 mM NaCl, 1 mM DTT and 15% glycerol. Everything was done exactly the same for mBBP except the column matrix used was CM-Sepharose (Pharmacia).
RNA substrates
All RNA oligonucleotides were made with Perseptive RNA amidites on an Expedite 8909 Oligonucleotide Synthesizer. RNAs were kinased with [␥-32 P]ATP, gel purified, and further purified on a Bio-Rad P6 spin column.
Footprinting assay
Either mBBP, U2AF65, or both were incubated with radiolabeled RNA in binding buffer [25 mM Tris (pH 7.5), 25 mM NaCl, 1 mM EDTA], 20 mg/ml tRNA, and RNasin (Promega) at final concentration of 1 U/ml. After 20 min incubation, either RNase T1 (Ambion, at a final concentration of 0.4 U/ml) or RNase T2 (GIBCO, at a final concentration of 0.05 U/ml) was added. This mixture was incubated at RT for 5 min, and the reaction was then quenched with phenol/chloroform. After ethanol precipitation, products were separated on a 20% denaturing polyacrylamide gel.
Gel-shift assay
Proteins were incubated with radiolabeled RNA in binding buffer plus 0.5 mg/ml tRNA for 60 min at room temperature.
Separation of the RNA and the different complexes was done in 0.5× TBE 6% native polyacrylamide gels. Running time was ∼5 hr at 100 V in the cold room. Radiolabeled RNA was at a final concentration of ∼0.1 nM. The K d of mBBP alone was obtained by plotting fraction bound (mBBP-RNA complex) versus unbound (free RNA) by use of the program Microcal Origin (Microcal Software Inc.). In the case of the ternary complex, fraction bound was the ternary complex only and unbound was both free RNA and the U2AF65-RNA complex.
The competition assay in which a U2 mimic (12 oligoribonucleotide as shown in Fig. 3 ) was added to compete mBBP binding was done in a similar manner as above, except that cold U2 mimic was annealed to the radiolabeled 34 oligoribonucleotide at 65°C for 5 min and then placed at room temperature (this was done in binding buffer plus 200 mM NaCl). After 10 min, proteins were added. A 7.5% 0.5× TBE gel was used instead of a 6% gel.
Two-hybrid and GST precipitations
The LexA-U2AF65 deletions A-P were a gift from Or Gozani and Robin Reed (Harvard Medical School, Boston, MA). The B42-mBBP/SF1 fusion has been described previously . Yeast two-hybrid assays were performed in diploids obtained by mating strain EGY48-psH18 transformed with each of the LexA-U2AF65 fusions to strain RFY206-psH18 carrying the B42-mBBP/SF1 fusion. After selection of the diploids in His − , Ura − , Trp − selective plates, they were replicaplated to selective indicator plates containing X-gal and either galactose-raffinose or glucose as carbon source.
GST-mBBP/SF1 precipitation of LexA-U2AF65 fusion proteins was performed as previously described , except that yeast miniextracts were prepared as described (Abovich et al. 1990 ). The LexA-U2AF65 fusions were visualized with anti-LexA antibody, a generous gift from Roger Brent (Harvard Medical School, Boston, MA).
